We have developed an interface which allows to perform rigorous electromagnetic field (EMF) simulations with the simulator JCMsuite and subsequent aerial imaging and resist simulations with the simulator Dr.LiTHO. With the combined tools we investigate the convergence of near-field and far-field results for different DUV masks. We also benchmark results obtained with the waveguide-method EMF solver included in Dr.LiTHO and with the finite-element-method EMF solver JCMsuite. We demonstrate results on convergence for dense and isolated hole arrays, for masks including diagonal structures, and for a large 3D mask pattern of lateral size 10 microns by 10 microns.
INTRODUCTION
Support from modeling and simulation is critical to push the limits of traditional optical lithography. A specific requirement for lithography modeling and simulation is the need for very efficient electromagnetic field (EMF) solvers that allow the simulation of large 3D computational domains. 1 We have developed an interface between the lithography simulator Dr.LiTHO and the program package JCMsuite for EMF simulations. Dr.LiTHO is a comprehensive simulation environment for photolithography developed at the Fraunhofer IISB. The included EMF simulators are based on the waveguide method 2 and on the FDTD method. JCMsuite is a finite element based solver for EMF simulations developed at JCMwave and at the Zuse Institute Berlin.
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Both solvers allow the rigorous simulation of relatively large 3D computational domains. The interface between the program packages enables the accuracy benchmarking of the results obtained with the EMF simulators of Dr.LiTHO and JCMsuite.
We quantitatively compare the near field results (complex diffraction coefficients) obtained with the waveguide method and with the finite element method. Then the resist images resulting from the mask near fields are computed with the fully vectorial imaging system of Dr.LiTHO. We also compare the resist images corresponding to the near field results obtained with the respective EMF solvers regarding process windows and CDs.
We investigate several application examples: (a) isolated and dense contact holes with target CD's of 65 nm and 45 nm. (b) Z-like structures in order to get a combination of horizontal, vertical and 45-degree rotated elements which are critical from the simulation point of view, and (c) a larger more complex patterned mask area with a size of 10 microns x 10 microns. For all simulations we consider state of the art mask types and lithography settings.
BACKGROUND

Dr.LiTHO
Dr.LiTHO is a comprehensive simulation environment for photolithography, developed at the Fraunhofer IISB. * Its main focus is on development and research applications. Dr.LiTHO includes models and algorithms for the simulation, evaluation, and optimization of lithographic processes using optical or EUV image projection. One of the models for the rigorous simulation of light diffraction from lithography masks is the waveguide method.
Waveguide Method
The basic idea of the computation of light diffraction from a lithography mask with the waveguide method is as follows: Based on the real mask geometry a slicing of the area to be simulated is performed by defining maximum sized layers which are homogeneous in the direction of light propagation (this is the so called waveguide assumption). The geometry (material distribution) of the individual layers is described by an arbitrary number of rectangles with arbitrary sizes (depending on the geometry and on the required resolution). With this mask description any geometry can be realized and a potential sampling error can be limited to the desired value. Then the material distributions and the electromagnetic fields of all layers are described by Fourier series. All Fourier series are truncated according to the number M of modes which are supposed to be taken into account. The combination of this material and field descriptions with the Maxwell equations leads to an eigenvalue problem for each layer and finally to the propagating and evanescent modes inside the layers. By applying the appropriate boundary conditions all layers are coupled and the resulting reflected and transmitted plane waves at the top an bottom side of the mask are computed. Because of the periodic boundary conditions in lateral direction (xy-plane, perpendicular to the direction of light propagation), the mask is always regarded as a periodic structure. Isolated features can be simulated by using a mask period which is large enough for the respective problem. Two dimensional (e.g. lines) and three dimensional (e.g. contact holes) computations are possible with the method. Further detailed technical and mathematical descriptions of the waveguide method including simulation examples and further information on modal methods can be found in.
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The computation time is proportional to A · M 3 . A is the number of layers consisting of more than one material after the described mask slicing. M is the overall number of modes used for the computation and can be expressed by M = (2N x + 1) · (2N y + 1). According to all investigations performed so far the following is required: N x,y = b x,y /2λ for extreme ultra violet (EUV) masks and N x,y = 3b x,y /λ for optical masks (b x,y is the real mask period in x-and y-direction, and λ is the illumination wavelength).
In the optical case (e.g. at 193 nm), the convergence is a basic problem of all electromagnetic field solvers based on modal methods like waveguide because of the significant refractive index differences between the materials. An implemented mathematical optimization reduces this problem effectively with the result of a very good convergence in this case. In contrast to that the EUV case is uncritical because the refractive indices of all materials are close to 1.
If larger mask areas have to be simulated the computation time of a three dimensional simulation can become too long. A simplified three dimensional waveguide computation based on a so called decomposition technique is required. This technique replaces a full three dimensional simulation by a superposition of several two dimensional and one dimensional simulations. The result is a significantly reduced computation time but compared to the spectrum/near field of a full three dimensional simulation an error must be accepted. The basic idea of the decomposition technique is to separate diffraction effects from mask edges along x-and y-direction (the x-y-plane is perpendicular to the direction of light propagation) by splitting up a full three dimensional electromagnetic field simulation into several two dimensional and one dimensional parts. The application of this method to EUV masks and "No Hopkins" simulations (rigorous simulation of the off axis illumination of masks) requires additionally the consistent handling of off axis illumination which includes also the case of conical diffraction.
In the first step the real three dimensional (3D) mask is split up into two dimensional (2D) parts with homogenous dielectric properties with respect to the x-and y-direction. In the next step all 2D parts are computed with the waveguide method under the assumption that the dielectric properties of the mask vary only in x-and ydirection. Therefore only 2D simulations are required. Finally, the transmissions and reflectivities of the mask at all cross-over areas of the individual 2D parts are computed with the waveguide method. This is realized by 1D simulations. The resulting spectrum of the three dimensional mask is obtained by a composition of the complex spectra of the x-and y-configurations and the mask transmissions and reflectivities. For a better performance and accuracy the composition of the partial results is performed in the frequency domain. Simulation examples of waveguide with decomposition technique and comparisons with full 3D simulations can also be found in previous works. 
JCMsuite
JCMsuite is a finite-element package for accurate and fast simulations of electromagnetic problems. † Due to the good convergence properties of FEM it is especially well suited for the accurate simulation of nanostructures, e.g., in photomask simulations, optical metrology and integrated optics. Comparably large 3D computational domains can be handled at moderate computational effort. 4, 5 The solver has been compared and benchmarked with RCWA and FDTD-based EMF simulators for 2D 3 and 3D 4 computational domain problems. 
Finite Element Method
Light propagation in 3D photomasks is governed by Maxwell's equations. The finite-element method is used to find rigorous solutions to these. The method consists of the following steps:
• The geometry of the computational domain is discretized with simple geometrical patches, JCMsuite uses tetrahedral or prismatoidal (3D) patches. The use of prismatoidal patches is an advantage for layered geometries, as in photomask simulations. Sidewall angles different from 90 deg are not regarded throughout this paper; however, they are easily be implemented and do not lead to additional computational effort. Geometries consisting of periodic arrangements and of isolated patterns are both treated rigorously. The computational effort for isolated problems is substantially decreased because a large-pitch, quasi-periodic model is not required.
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• The function spaces in the integral representation of Maxwell's equations are discretized using Nedelec's edge elements, which are vectorial functions of polynomial order defined on the simple geometrical patches. 12 In the current implementation, JCMsuite uses polynomials of first (1 st ) to ninth (9 th ) order. In a nutshell, FEM can be explained as expanding the field corresponding to the exact solution of Maxwell's equations in the basis given by these elements.
• This expansion leads to a large sparse matrix equation (algebraic problem). To solve the algebraic problem on a standard workstation linear algebra decomposition techniques (e.g., sparse LU-factorization) are used. In cases with either large computational domains or high accuracy demands, also rigorous domain decomposition methods 13 are used and allow to handle problems with very large numbers of unknowns.
For details on the weak formulation, the choice of Bloch-periodic functional spaces, the FEM discretization, and the implementation of the adaptive PML method in JCMsuite we refer to previous works. Table 2 . Parameter settings for the used material stacks: relative permittivities and layer thicknesses are specified for the different investigated mask stacks. Parameters of the illumination and fully vectorial imaging system simulations for all simulation results presented in this paper.
BENCHMARK OF THE WAVEGUIDE METHOD AND THE FINITE ELEMENT METHOD
We have developed an interface between the Lithography simulator Dr.LiTHO and the EMF simulator JCMsuite. As will be shown in the quantitative comparisons this combination of advanced lithography and aerial image simulation (Dr.LiTHO) with a advanced electromagnetic field simulator (JCMsuite) allows to treat demanding lithography problems fast and accurately. Figure 1 shows a schematics of the simulation flow: The user defines mask geometry, material parameters, illumination and imaging parameters and resist parameters. Then either the EMF simulator JCMsuite computes the electromagnetic near field distribution. Alternatively the near field distribution can be computed using Dr.LiTHO's field simulator based on WGM. This allows for a quantitative comparison of the achieved results. From the near field results of either method then Dr.LiTHO's aerial image simulator generates the aerial image or resist image. And from this by using Dr.LiTHO's resist simulator the resist topography after development is generated.
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For demonstrating the accuracy and capabilities of this combination we benchmark near field and far field results obtained with the two different near field simulators for several application problems. Figure 2 shows a schematics of the simulated periodic arrays of square-shaped holes. We investigate three cases:
Isolated and dense contact holes
• Layout 1.1: An attenuated phase-shift mask (MoSi) with contact holes for a target CD of 65 nm. The pattern is dense (CD : Pitch = 1 : 2).
• Layout 1.2: A chromium mask with contact holes for a target CD of 45 nm. The pattern is dense (CD : Pitch = 1 : 2).
• Layout 1.3: A chromium mask with contact holes for a target CD of 45 nm. The pattern is isolated (CD : Pitch = 1 : 20).
All geometry parameters and the used material stacks, illumination and imaging parameters are listed in Tables 1 and 2. Tables 3 and 4 show results of the benchmark and convergence investigations: We perform simulations using the FEM near field simulator JCMsuite and using the WGM solver Dr.LiTHO. For both solvers we use different numerical settings in order to demonstrate convergence of the results. The varied numerical parameter for the FEM solver is the polynomial degree p of the used finite-element ansatz-functions. For WGM the parameter p is the truncation number of the Fourier basis. We further list computation times and (for FEM) numbers of unknowns of the discrete problem. From the simulated near fields and spectra we compute the aerial images and the process windows using Dr.LiTHO's aerial imaging simulator. From the aerial images, we compute the critical dimensions at a fixed threshold, CD x and CD y . This threshold is choosen such that CD x is on target for the highest numerical resolution. Similarly, the computed process windows are centered around a fixed threshold obtained from the simulation with highest numerical resolution. To demonstrate convergence of the near field results we further list the intensities of two distinct diffraction orders in the scattering matrix, I(0, 0), I(1, −1). The complex valued scattering matrix is the input to Dr.LiTHO's aerial imaging simulation. Table 3 lists results for the cases of dense arrays of contact holes. For the attenuated phase shift mask, Layout 1.1, using FEM we observe convergence of the near field intensities, I(0, 0), I(1, −1), to a level of about 10 −5 . As can be seen from the table this corresponds to an accuracy of the aerial image CD's of about 0.01 nm and an accuracy of the process window of about 0.1 nm defocus. Computation times vary between two seconds and 10 minutes, depending on accuracy setting. Using the waveguide method for the same example, convergence of the near field coefficients can also clearly be observed. However, at the highest used numerical setting of an accuracy level of about 10 −3 is reached. This results in a difference between the methods of about 2 nm in aerial image CD's and of about 20 nm in the process window (cf., Table 3 ). Please note that the patterns investigated throughout this paper are not optimized for a maximum process window. Process window errors are expected to be smaller with aerial image error for optimized process windows. Computation time for the highest accuracy setting of WGM is 74 s. Table 3 .)
For the chromium mask, Layout 1.2, we observe a similar behavior. While the highest used FEM accuracy setting reaches an accuracy of smaller 0.1 nm in CD and 1 nm in process window at moderate computational effort (about five minutes computation time on a multi-core workstation), the highest used WGM accuracy reaches an accuracy of about 2 nm in CD and 20 nm in process window at low computational effort (few seconds computation time on a standard PC).
It is interesting to note that even when the differences of the investigated diffraction order intensities are only relatively small (e.g., differences only in the third significant digit) there are significant differences in the resulting aerial images and in the process windows (e.g., differences in the first or second significant digit). Figure 3 shows the convergence behavior of the FEM near field and far field results graphically. Table 4 lists results for the case of a periodic array of contact holes with large pitch (quasi isolated case), Layout 1.3. Due to the large size of the computational domain, in this case the WGM solver is switched to the decomposition mode (see Chapter 2.1). This approach contains some approximations to the rigorous model, therefore it is expected that the results do not exactly converge to the numbers obtained with the finite element method. As can be seen from the table, the higher order near field diffraction orders converge to numbers with a few percent offset from the rigorous results. The CD's obtained with FEM and obtained with WGM differ by about 5 nm and the process windows differ by about 20 nm.
Z-like structures
In this section we investigate structures which include 45-degree angles in the x-y-plane. These structures are favourable from the electronic design point of view, however, they are critical for optical simulators relying on xy-structured meshes. Figure 4 shows a schematics of the Z-like structures. We investigate two cases for structures with minimal critical dimensions of 45 nm, resp. 65 nm (1 X). The corresponding geometrical parameters are listed in Table 1 (Layout 2.1, 2.2). Table 5 shows convergence results for the investigated cases of Z-like structures. Due to the larger computational domain and the more complex structure, the computational effort is larger than in the contact hole cases, Chapter 3.1. In the first case (Chromium material stack, Layout 2.1), FEM shows convergence of the CD's with an accuracy of about 0.1-1 nm, and of the process window of about 2 nm. Computation time for the most accurate FEM result was about 5 minutes (using 8 cores of a multi-processor workstation). The full 3D waveguide method result with a trunctation number of 23 yields results with a CD difference between the methods in the 10%-range, and consequently also a large numerical difference between the process window width results. Due to the high number of Fourier modes taken into account, the computation time was several hours (using a single processor on a standard PC). Table 3 . Convergence of near field and far field results for the different examples of Chapter 3.1 and for the different methods. The table shows some numerical results for different accuracy settings of the respective software. For JCMsuite, p corresponds to the polynomial degree setting of the finite-element ansatz-functions, t corresponds to the CPU time in seconds, and N corresponds to the number of unknowns in the FEM problem. For p ≤ 4, JCMsuite computations have been performed using a single thread, for p > 4, eight threads of a standard multi-core workstation have been used. For Dr.LiTHO, (2p + 1) 2 is the number of Fourier modes in the Waveguide method. I(0, 0) and I(1, −1) are the sums of the magnitudes of the entries in the scattering matrix for the zero th and for the (1, −1) diffraction order for TE and TM polarization. Dr.LiTHO computations have been performed using a single thread of a standard personal computer. CDx and CDy are aerial image CDs at fixed threshold (choosen such that CDx at highest FEM resolution is on target). ∆P W is the width of a rectangular process window with a fixed exposure ±2.5% in a plot of exposure versus defocus for CDx contours of the nominal CDx ±10%.
Probably due to the more involved material properties of the second example of this chapter, Layout 2.2, the convergence is less pronounced than in the first example. For FEM, CD accuracies in the range of 2 nm are reached at computation times below 10 min, and the process window width seems still not to be clearly converged to a certain region. The waveguide method (in decomposition mode) yields CD results which are different from the FEM results by about 5 nm (with different signs for x-and y-directions) and a process window width which is about one third of the FEM process window width.
The case of a geometry with a 45-degree angle is clearly more straight-forward for a FEM solver, because FEM does not rely on regular grids and can resolve arbitrary angles and shapes. Therefore the advantage of FEM Table 4 . Convergence results for Layout 1.3, description see Table 3 . RAM denotes the approximate memory consumption in GB. WGM uses the decomposition strategy. in the comparison of the rigorous solvers (for Layout 2.1) is clear. The case is also involved for the decomposition strategy of the waveguide method, due to the mutual influence of the various decomposed regions which is partly neglected in this strategy. the availability of a full lithography simulation environment for highly accurate simulations including advanced geometrical mask setups. In this section we present results of simulations of a larger section of a mask. Figure 5 a) shows the layout, where red regions correspond to material and green corresponds to blank regions. The layout contains 65 nm holes and posts (1X, 260 nm in mask scale), two Z-like structures with parameters corresponding to Layout 2.2 and further test structures. Material and illumination and imaging parameters are listed in Table 2 (material stack 1). Table 6 shows the convergence of the near field results obtained with the FEM solver for different numerical parameter settings. From the data for the diffraction order intensities it can be seen that the relative error of the significant diffraction efficiencies converges well to the range of about 0.1%. Convergence with finite element Table 6 . Convergence of near field results for Layout 3. Computations with JCMsuite have been performed using different finite element ansatz functions (parameter p) and different spatial discretizations of the mask geometry (a finer mesh leads to a higher number of unknowns / expansion coefficients N ). RAM denotes the approximate memory consumption in GB. JCMsuite computations have been performed using eight threads of a multi-core workstation with extended RAM. Dr.LiTHO computations have been performed using a single thread of a standard personal computer.
a) b) c) degree p as well as convergence with mesh refinement, resp. N, can be observed. Due to the large size of the problem we have not investigated far field convergence in detail in this case. However, the numerical settings in this case are similar to the settings in the previous chapters, i.e., we expect the accuracy also of the far field results to be of the same quality as in Sections 3.1 and 3.2 for the examples with the same material stacks. This is also supported by the apparent good convergence of the near field results. Further Table 6 shows computation time and memory consumption for WGM, for the computation yielding the result displayed in Figure 6 b). Here the domain decomposition strategy of the solver has been applied (cf. 2.1). Please note that the computational effort in computation time is comparable (JCMsuite used eight threads in parallel in this case, while Dr.LiTHO was used single-threaded) and that the computational effort in terms of memory consumption is several orders of magnitude larger for FEM. Figure 5 b,c) shows near field distributions (at the upper boundary of the mask) with source fields of different polarizations in a pseudocolor representation. Interference fringes and field singularities at metal edges and corners can be observed. Figure 6 a,b) shows corresponding aerial images, for near field computations with FEM and with WGM. The images correspond very well to each other. Plotting the differences of the fields (Figure 6 c) , one observes that difference of the aerial image is not randomly distributed but localized especially around the Z features and at the 65 nm contact holes and posts. Please note the very good qualitative agreement of the aerial image computed with WGM and with FEM. Table 6 .)
CONCLUSIONS
We have developed an interface between the lithography simulator Dr.LiTHO and the electromagnetic field solver JCMsuite. We have demonstrated a typical lithography simulation flow from the near field simulation to resist image formation, post-exposure bake and development. Further, FEM-based JCMsuite and a WGM-based solver from the package Dr.LiTHO have been benchmarked. Both solvers have specific advantages and resulting from that specific fields of applications. For standard lithography structures WGM is more qualified. For more complex structures and for cases where a very high accuracy is required FEM is more qualified. Therefore the combination of Dr.LiTHO and JCMsuite forms a very efficient lithography simulation environment for all fields of applications.
